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2 G. L. Manney et al.: Transport During 2006 Sudden Warming

Abstract. An unusually strong and prolonged stratospheric a complete picture of middle atmosphere transport during a
sudden warming (SSW) in January 2006 was the first ma-major warming.
jor SSW for which globally distributed long-lived trace gas A few detailed modelling studies of transport during major
data are available covering the upper troposphere thrdwvghht SSWs have been done (e.g., Manney et al., 2005b; Konopka
lower mesosphere. We use Aura Microwave Limb Sounderet al., 2005), focusing on the middle and lower stratosphere
(MLS), Atmospheric Chemistry Experiment-Fourier Trans- but trace gas data to assess model performance were largely
form Spectrometer (ACE-FTS) data, the SLIMCAT Chem- unavailable. Leovy et al. (1985) used Limb Infrared Moni-
istry Transport Model (CTM), and assimilated meteorologi- tor of the Stratosphere (LIMS) ozone {{ata to illuminate
cal analyses to provide a comprehensive picture of transporsome aspects of transport in the middle and lower strato-
during this event. The upper tropospheric ridge that trig- sphere during the February 1979 major SSW, and Manney
gered the SSW was associated with an elevated tropopaust al. (1994a) compared LIMS {Qwith mechanistic model
and layering in trace gas profiles in conjunction with strato simulations to further investigate the origins of the olvser
spheric and tropospheric intrusions. Anomalous polewardfeatures. Randall et al. (2005) reconstructed a “proxy” O
transport (with corresponding quasi-isentropic trop@sphes field from observations from several solar occultationnmst
to-stratosphere exchange at the lowest levels studiediein t ments to compare with the model results of Manney et al.
region over the ridge extended well into the lower strato- (2005b) during the southern hemisphere (SH) major SSW in
sphere. In the middle and upper stratosphere, the breakdow8eptember 2002. Lahoz et al. (1994), Manney et al. (1994c),
of the polar vortex transport barrier was seen in a signatureand Sutton et al. (1994) showed some aspects of stratospheri
of rapid, widespread mixing in trace gases, including GO, transport during minor SSWs using Upper Atmosphere Re-
H,0, CH; and NO. The vortex broke down slightly later search Satellite (UARS) Microwave Limb Sounder (MLS),
and more slowly in the lower than in the middle stratosphere.Cryogenic Limb Array Etalon Spectrometer (CLAES), and
In the middle and lower stratosphere, small remnants withimproved Stratospheric And Mesospheric Sounder (ISAMS)
trace gas values characteristic of the pre-SSW vortextedje long-lived trace gas data (including nitrous oxide\ and
through the weak and slow recovery of the vortex. The up-water vapour, HO). Allen et al. (1999) showed observed pat-
per stratospheric vortex quickly reformed, and, as enhénceterns of transport in ISAMS carbon monoxide (CO) during
diabatic descent set in, CO descended into this strong vora minor SSW in January 1992, including descent of meso-
tex, echoing the fall vortex development. Trace gas evo-spheric CO into the stratospheric vortex.
lution in the SLIMCAT CTM agrees well with that in the These observational studies have been limited by several
satellite trace gas data from the upper troposphere threugfactors: There were no major SSWs when UARS MLS,
the middle stratosphere. In the upper stratosphere and loweCLAES, or ISAMS (instruments with hemispheric daily cov-
mesosphere, the SLIMCAT simulation does not capture thesrage) were operating, and although the UARS Halogen Oc-
strong descent of mesospheric CO arngDHsalues into the  cultation Experiment (HALOE) solar occultation instrunien
reformed vortex; poor CTM performance in the upper strato-continued to provide data until late 2005, it had very poor
sphere and lower mesosphere results primarily from biase$igh latitude coverage during winter. Thus no extensive-mea
in the diabatic descent in assimilated analyses. surements of long-lived tracers (e.g.,® methane (Ch),
H,0, CO) have been available during previous major SSWs.
Transport studies using Lare limited to the middle and
lower stratosphere, where dynamical timescales are ctose t
% or shorter than its chemical lifetime. Even in these regjons
however, chemical effects can play a substantial role 4n O
evolution (e.g., heterogeneous chemistry in the lowetatra
A strong and prolonged Arctic major stratospheric suddensphere (e.g., WMO, 2007); formation of “low-ozone pock-
warming (SSW) began in January 2006 (e.g., Hoffmannets” in the middle stratosphere (e.g., Manney et al., 1995))
et al., 2007; Siskind et al., 2007; Manney et al., 2008b). Even more critically, data to provide a complete pic-
Coy et al. (2008) showed evidence suggesting that this SSWure of transport in the upper troposphere through the
was forced by waves propagating from an upper tropo-lower mesosphere, have been unavailable until recently.
spheric ridge that developed over the North Atlantic after CO (a good tracer of upper stratosphere/lower mesosphere
mid-January. Analysis of satellite temperature measumesne (USLM) transport) was available from ISAMS for only a
extending into the mesosphere showed that the stratopaugmrtion of one northern hemisphere (NH) and one SH win-
completely broke down during the SSW, then reformed atter. O; (which becomes a good tracer in the upper tropo-
very high (>75 km) altitude afterward (Siskind et al., 2007; sphere/lower stratosphere, UTLS) from LIMS and UARS
Manney et al., 2008a,b). Not only was the 2006 major SSWMLS and CLAES did not extend into the lowermost strato-
one of the strongest and most prolonged on record, and thusphere (lower limits were-100 hPa). Similarly, measure-
of particular interest in its own right, but also, prior taghs ments of CH and NO from CLAES were limited to the
event, insufficient trace gas data were available to providestratosphere. Even more critically, it has recently become
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G. L. Manney et al.: Transport During 2006 Sudden Warming 3

apparent that the atmosphere is closely coupled from th&€006 after the SSW (Randall et al., 2006), and a low column
upper troposphere through the mesosphere (e.g., Shepher@; event associated with the upper tropospheric ridge forcing
2007, 2008). This is particularly evident during major SSWs the 2006 SSW (Keil et al., 2007) all point to highly anoma-
as planetary-scale waves propagating from the upper tiepolous transport throughout the upper troposphere, stratrsp
sphere into the polar upper stratosphere drive the breakdowand mesosphere during the 2006 Arctic winter.
of the stratospheric vortex, and result in changes in gyavit ~ Here we use Aura MLS and ACE-FTS data, along with
wave propagation and breaking, leading to cooling of thediagnostics calculated from assimilated meteorologinal-a
mesosphere (related to anomalous gravity wave filterind) an yses, to detail large-scale transport in the entire regmn ¢
enhanced radiative cooling near the stratopause (Hoffmanering the upper troposphere through the lower mesosphere
et al., 2007; Siskind et al., 2007; Coy et al., 2008; Manneyduring the 2005-2006 NH winter, focusing on the SSW.
et al., 2008b, and references therein). Full understanofing Observed transport is compared with simulations using the
how these dynamical and radiative changes affect transpoiSLIMCAT Chemistry Transport Model (CTM) (Chipper-
requires the study of trace gas distributions over the entir field, 2006) and, in the UTLS, with high-resolution La-
altitude range from the upper troposphere to the mesosphergrangian calculations. Section 2 provides a description of
such comprehensive datasets are only now becoming avaithe datasets and models used. In Section 3, we provide an
able from recent satellite measurements. overview of transport in the middle and lower stratosphere
With the launch of NASAs Earth Observing System in the context of the vortex evolution described above, and
(EOS) Aura satellite in July 2004, carrying an advanced MLSrelate these results to those from previous studies. We then
instrument (Waters et al., 2006), we now have near-glgbaturn to examination of the regions that have not been studied
daily measurements of several long-lived tracers of transin any detail before: Data were not available for compre-
port. Detailed information on transport from the lower &tra  hensive studies of the USLM until recently; Section 4) pro-
sphere through the lower mesosphere is provided by MLSvides a detailed description of observed and modeled trans-
H,0, N,O and CO, and in the UTLS by MLS DHNOs, portin this region. Section 5 gives a view of modeled and ob-
H20 and CO. In addition to MLS, the Atmospheric Cham- served transport in the UTLS made possible by recent satel-
istry Experiment—Fourier Transform Spectrometer (ACE- lite data extending to these levels, focusing on the dynalmic
FTS) solar occultation instrument (Bernath et al., 2005),processes forcing the SSW. A summary and conclusions are
which has been taking data since early 2004, measures given in Section 6.
large suite of species including long-lived tracers such as
CHg, that are not measured by MLS. While ACE-FTS pro-
vides observations at no more than 15 longitudes around @ Data, Analysis, and Models
single latitude in each hemisphere per day, its orbit is de-
signed to provide good coverage of polar regions in winder,2.1 Meteorological Data and Analysis
thus much information on transport can be extracted from
these sparse data by mapping in vortex-centered coordinatelhe primary meteorological dataset used here is the God-
(e.g., Manney et al., 1999b, 2007). dard Earth Observing System Version 5.10 (GEOS-5) anal-
Manney et al. (2008b) described the synoptic evolution inysis from NASAs Global Modelling and Assimilation Of-
the middle stratosphere through the lower mesosphereglurinfice (GMAO), described by Reinecker et al. (2008). GEOS-5
the 2006 SSW. The conditions for a major warming (zeaal uses the Gridpoint Statistical Analysis method of Wu et al.
mean zonal wind and temperature gradient reversal north 0€2002), a 3D-Variational system, and a six-hour analysis wi
60°N at 10 hPa) were fulfilled on 21 January, with a preced-dow. The interface between the observations and the general
ing strong minor warming starting around 8 January. Uppercirculation model (GCM) is performed using the incremental
stratospheric winds reversed around 9 January and remaineghalysis update (IAU) approach (Bloom et al., 1996), which
easterly in the polar regions until early February, aftefchlzo avoids shocking the model, thus producing smoother anal-
a very strong westerly jet reformed around’®5and moved  yses. GEOS-5 analyses are provided on 72 model levels
poleward. Though a very strong upper stratospheric vortexrom the surface to 0.01 hPa-{5 km), on a 0.5 latitude
reformed quickly after the warming, the middle stratospher by 0.6667 longitude grid.
vortex recovered very slowly, and the lower stratospheric European Centre for Medium-Range Weather Forecasts
vortex remained weak and ill-defined for the remaindessof ( ECMWF) analyses are used to drive the SLIMCAT
the winter. As is common after early (December or January)CTM. ECMWEF analyses are from a 4D-Var system based
major SSWs (Manney et al., 2005a, and references thereinpn a spectral general circulation model (e.g., Simmons
the final warming was slow and late, with 10 hPa zonal mearet al., 2005). Beginning in February 2006, ECMWF
winds not reversing permanently until early May. Initiakex fields are from a T799~0.3" horizontal resolution)/91-
aminations of Arctic trace gas data from MLS and ACE-E&'S level system with a model top at 80 km (e.g., Untch
(Manney et al., 2008a; Jin et al., 2008), reports of anoma-t al., 2006, and other ECMWF newsletters, available at
lous stratospheric effects of energetic particle preatn in http://lwww.ecmwf.int/publications/newsletters/); bed that
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date, the operational data are from a T512/60-level modein the upper stratosphere and mesosphere, depending on the
with a top at 60 km. product (Livesey et al., 2007).

Manney et al. (2008b) provide further details of the We use version 2.2 (v2.2)4®, N,O, CO, HNQ, and Q
GEOS-5 and ECMWEF analyses; detailed comparisons ofrom MLS to detail transport processes from the upper tro-
temperatures with satellite data (including MLS) showégsrg posphere into the lower mesosphere, and MLS temperatures
but differing biases in the ECMWF and GEOS-5 analysesfor radiation calculations. Validation of fO and B O is dis-
during and following the 2006 SSW. cussed by Lambert et al. (2007), of CO by Pumphrey et al.

Derived meteorological products (DMPs) for ACE and (2007) and Livesey et al. (2008), o®y Froidevaux et al.
MLS have been calculated from the GEOS-5 analyses, a$2008) and Livesey et al. (2008), of HN®y Santee et al.
described in detail by Manney et al. (2007). These product€2007), and of temperature by Schwartz et al. (2008). For
comprise meteorological variables (winds, temperatuoe, p maps, MLS data are gridded using weighted averages of each
tential vorticity (PV)) and fields calculated from them (g.g day’s data in the region around each gridpoint.
equivalent latitude (EqL) and tropopause heights) interpo
lated to the observation locations and times of the sagellit 2.3 Atmospheric Chemistry Experiment Data
instruments. The DMPs are calculated operationally fohbot
instruments and MLS DMPs are publicly available (Manney SCISAT-1, otherwise known as ACE (Bernath et al., 2005),
et al., 2007). We use the GEOS-5 DMPs for ACE and MhSwas launched in August 2003. The primary instrument is the
to map the data into EqL/potential temperatud® ¢oordi-  ACE-FTS, a Fourier transform spectrometer featuring high
nates and to provide information on the location of measure+esolution (0.02 cm?, corresponding to a-25 cm maxi-
ments with respect to the vortex for vortex averages; detail mum optical path difference) and broad spectral coverage in
of EqL mapping and vortex averaging using the DMPs are aghe infrared (750-4400 cnit). ACE-FTS works primarily in
described by Manney et al. (2007). s the solar occultation mode, collecting atmospheric limame

The evolution of the trace gas fields is compared with ef-surements using the sun as a radiation source. Version 2.2
fective diffusivity (Kef), calculated as described by Allen of the ACE-FTS retrievals (Boone et al., 2005) is used here,
and Nakamura (2001). 4, which is expressed here as log- except for @, for which the ACE-FTS product known as
normalized equivalent length, provides a measure of mix-‘version 2.2 ozone update” is used (Dupuy et al., 2008). Val-
ing and transport barriers (e.g., Haynes and Shuckburghidation of ACE data is described in a special issuéwho-
2000a,b; Allen and Nakamura, 2001; Tan et al., 2004), withspheric Chemistry and Physics. In addition to other species,
low values representing transport barriers and high valueACE-FTS NO (Strong et al., 2008), #O (Carleer et al.,
representing strong mixing. TheeK calculations for this  2008), CO (Clerbaux et al., 2008) and gkDe Maziere
period are taken from a long-term run of the advection-e€t al., 2008) have been shown to be useful throughout the
diffusion model of Allen and Nakamura (2001) that was stratosphere, and ACE-FTS COz @nd HO down into the
driven with Met Office analyses (Swinbank and O’Neill, upper troposphere (Hegglin et al., 2008). ACE-FTS verti-
1994; Swinbank et al., 2002, 2004) until 13 March 2006 (thecal resolution is~3—4 km. Latitudes of measurements vary
time of a major change in the Met Office assimilation sys- over an annual cycle with coverage as hights85° and an
tem) and with GEOS-4 analyses after that date. The Meemphasis on the polar regions in winter and spring.

Office analyses come from a system with a lower model top
( ~60 km) than the GEOS and ECMWF analyses, andoare2.4 Models and Calculations

thus expected to be less reliable in the upper stratosphere.
SLIMCAT 3D CTM (Chipperfield et al., 1996; Chipperfield,

2.2 Microwave Limb Sounder Data 1999) simulations are compared with ACE-FTS and MLS
observations. Feng et al. (2005) show that the updated SLIM-
MLS measures millimeter- and submillimeter-wavelength CAT model, with a hybrids-8 vertical coordinate and a more
thermal emission from the limb of Earth’s atmosphere. &e-sophisticated radiation scheme, produces more realiic r
tailed information on the measurement technique and theesentations of tracer transport than the previous scheme,
MLS instrument on the EOS Aura satellite is given by Wa- which tended to underestimate descent. The simulation ana-
ters et al. (2006). Aura is in a 98nclination orbit, and the lyzed here has 2°8x 2.8 horizontal resolution, with 50 lev-
Aura MLS fields-of-view point in the direction of orbital mo- els from the surface to 3000 k€0 km), using purely isen-
tion and vertically scan the limb in the orbit plane, leadiag tropic surfaces above 350 K. For each MLS measurement an
to data coverage from 83 to 82N latitude on every orbit.  equivalent sample, interpolated to the same locationkenta
Vertical profiles are measured every 165 km along the suborfrom the model at the nearest available time (always within
bital track and have a horizontal resolution~0200-300km  15minutes). Winds and temperatures sampled at T42 res-
along-track and-3—9 km across-track. Vertical resolution of olution from the operational ECMWF analyses (e.g., Sim-
the Aura MLS data is typically-3—4 km in the upper tropes mons et al., 2005) are used to drive the SLIMCAT model.
sphere through the middle stratosphere, degrading to 5-8 knBecause ECMWF switched from the T512, 60-level model
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to the T799, 91-level model with top at 0.01 hPa on 1 Febru-tions; other trace gases, tropospheric temperatures,rand t
ary 2006, the simulations during the first approximately 2/3 pospheric clouds are based on a combined UARS climatol-
of the period shown here are driven with winds and tempera-ogy appropriate for high-latitude winter (Minschwaner et a
tures from a model with a top near 60 km, at some timesandL998). To focus on the sensitivity of diabatic heating totem
places lower than the model top at 3000 K. perature differences, all other inputs are fixed for a givay d

The SLIMCAT model run used in this paper (referred to and diabatic heating rates (averaged over a day) are calcu-
here as “run B”) is based on a previous run (“run A”) with the lated from time series of zonal mean profiles of 12-UT tem-
same basic model configuration that has been continuouslperature from MLS (daily average centered around 12 UT),
simulating the atmosphere since the Aura launch. Run Bawa$sEOS-4, GEOS-5 and ECMWF. Manney et al. (2008b) used
initialised for 0 UT on 15 November 2005 using the fields similar calculations to show that GEOS-5 and ECMWF both
for that time from run A with the exception of £ H,0, misrepresented the diabatic cooling in the USLM on selected
HCI, HNOs; and CO. @, H,0O and HCI were replaced by days after the SSW, which may be expected to lead to biases
values taken from the v2.2 MLS data for the 24 hours cen-in transport model simulations driven with fields from these
tered on the initialization time by treating the atmosphes® analyses.
static for that period, gridding the data onto a regulatuat?-
longitude grid at MLS pressure levels, then interpolatiog t
the model grid. The initial CION@and reactive chlorine 3 SSW and Transport Overview: The Middle and
abundances were adjusted so that the total inorganic chlo- Lower Stratosphere
rine remained as in run A. Initial HN©in run B was based
on MLS data below 1050K; at higher levels the values from Examination of MLS, ACE-FTS, and SLIMCAT-modelled
run A were retained. PO was treated similarly, except that trace-gas evolution in the middle and lower stratosphere al
the transition level was 1450K. MLS CO data were aiso lows us to verify the general features of transport that are e
used in the model initialisation, but because of some verti-pected from previous model studies and observations during
cal oscillations (albeit much less severe in v2.2 than ibv1. minor SSWs, and to extend those results to provide a detailed
Pumphrey et al., 2007), these data were smoothed in the vedescription of transport and our ability to model it in thés r
tical and then zonally averaged equatorward of 4Bd in  gion. Figure 1 shows maps of MLS long-lived tracers in the
EqgL poleward of 45. More details of the model configura= middle (850 K,~10 hPa, HO) and lower (520 K~50 hPa,
tion are given by Santee et al. (2008). N2O) stratosphere, with overlaid GEOS-5 scaled PV (sPV)

Results from the Global Modeling Initiative (GMI) (e.g., Manney et al., 1994b) contours demarking the strong
“Aura4” run (Strahan et al., 2007, and references therein)gradients in the vortex edge region. Other trace gases mea-
were examined to help evaluate differences in transport calsured by MLS show a consistent picture at each level. The
culations related to the assimilated meteorological figkisho MLS species’ gradients are closely correlated with the over
to drive them. The GMI Aura4 run was driven with GEOS-4 laid sPV fields, indicating a consistent representatiornef t
(Bloom et al., 2005) fields. vortex in both the MLS data and the GEOS-5 sPV.

Reverse trajectory (RT) calculations (e.g., Sutton et al., In early winter, the high values of MLS 4 in the mid-
1994; Manney et al., 1998) are used to examine transport irdle stratosphere indicate confined descent within the xorte
the UTLS. These calculations are done on isentropic swsfacebefore the SSW (10 January). A strong Aleutian anticyclone
using GEOS-5 horizontal winds, and are initialized with formed during a strong minor warming preceding the ma-
MLS data eight days prior to the date of interest. They pro-jor SSW, and was apparent at 10 hPa over the dateline on
vide an estimate of the fine-scale structure predicted based0 January. The low $O values surrounding the core of
on transport of the coarse-resolution MLS fields. the anticyclone (along with low sPV), and elevated values

Radiation calculations have been done to assess vetticalithin its core, suggest that low latitude air was drawn up
motion for interpretation of the MLS measurements. A between the anticyclone and vortex and subsequently coiled
longwave band model adapted from the Community Cli- up inside the anticyclone, as is common during SSWs (e.g.
mate Model, Version 2 (CCM2) radiation code (Briegleb, O'Neill et al., 1994) (this picture has been confirmed using
1992a) is used (the SLIMCAT model also uses a versionRT calculations, not shown). According to Coy et al. (2008),
of this code). This is a 100 cm band model that consids the major SSW was generated on about January 20°At 60
ers infrared opacity by kD, CO, O3, CHy, N2O, CFC- by an anticyclonic circulation consisting of normally tiogl
11, and CFC-12. The shortwave radiative heating is calcuvalues of PV (see their Figure 1). As seen in our Figure 1,
lated using thé>-Eddington approximation with 18 spectral this anticyclonic circulation transports very lows8 values
bands (Briegleb, 1992b). The CCM2 radiation code has beemowards higher latitudes. By 22 January, when zonal mean
validated against line-by-line longwave calculations @amdo winds had reversed, the vortex had shrunk into a crescent
comparisons with Earth Radiation Budget Experiment long-shape and shifted off the pole, with the anticyclone moving
wave fluxes and shortwave albedos (Briegleb, 1992a,#) H near the pole and containing very lows® values indica-
and G derived from MLS profiles are used for all calcula- tive of air drawn up from low latitudes (a few days later, by
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Fig. 1. Maps of MLS long-lived trace gases in the middle (850-KL0 hPa,~30 km) and lower (520 K50 hPa,~19 km) stratosphere
before (10 January), during (22 January, 5 February) aret é20 February) the 2006 SSW,8@ is shown at 850 K and D at 520 K.
Overlaid white contours are sPV in the vicinity of the vortesge; overlaid blue contour at 520 K is a temperature of 19%5d€r the
PSC formation threshold (only present on 10 and 22 Janu#igck dots show ACE measurement locations on each day. d¥mjeis
orthographic, with 0 longitude at the bottom and 98 to the right; domain is 0 to 9.

27 January, the anticyclone was centered over the pole (ndBy 20 February, only a small vortex remnant persisted near
shown). Decreasing 40 in the vortex and increasing values 120°E. This well-defined remnant, with very low,® val-
spreading through mid-latitudes indicate the strong ngxin ues, lingered throughout the winter, eventually being emco
during the SSW. The vortex continued to decay, so that bypassed by a larger, but weak, reformed vortex with interme-
5 February, only a small remnant of high® remained near  diate N;O values (not shown).

300°E, with a small, but strong, anticyclone (low;8) cen- The 22 January and 5 February fields show the vortex
tered near the date line. By 20 I_:ebruaryQ-gradie_nts Werg, and MLS trace gas signatures (high®] low N,O) tilting

very weak throughout the hemisphere, suggesting completgtongly westward with height from the lower to the middle
breakdown of the transport barriers that inhibit mixing.€Th  sratosphere. Similar vortex behavior has been reported in
vortex a_nd tracer gradients remained weak through the resgrevious studies of SSWs (e.g., Fairlie et al., 1990; Manney
of the winter. etal., 1994a, 1999a, 2005b), and is evidence of upward prop-

The lower stratosphere was affected by the SSW s¢me@gdation of wave activity according to linear theory.
what later than higher altitudes. On 10 January, the vor- Figures 2 and 3 show EqL/time plots of observed and
tex was relatively large and strong, and shifted towards theSLIMCAT-modelled trace gases at 850 and 520 K, respec-
Greenwich meridian, with a large region of temperatures be-tively. Kgi is also shown to identify regions of mixing and
low the PSC formation threshold (blue overlay) on the equa-transport barriers. We show MLS,® and CO, and ACE-
torward edge, in a typical lower stratospheric wintertina¢-ps FTS CH; at 850 K. For MLS and SLIMCAT (which was
tern. Low levels of NO in the vortex are a signature of de- sampled at MLS observation locations), each EgL/time bin is
scent. By 22 January, the vortex was quite distorted, andilled with a number of points comparable to what would re-
beginning to shrink, but relatively strong sPV gradients re sult from a zonal mean, typically 10 to 50 points in each EqL
mained along the vortex edge and®lvalues remained low bin; in contrast, the sparse ACE sampling results in a typica
within the vortex; only a very small region of PSC temper- bin being represented by one to a few data points. Thus, the
atures persisted right at the vortex edge. By 5 FebruaryACE fields are not only less complete, but noisier and more
the vortex had shrunk to a narrow crescent neaiNgQvith dependent on the details of the sampling (e.g., Manney,et al.
low N2O values limited to to a small region in its interior. 2007). Subject to this constraint, ACE-FTS®l and CO
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(not shown) agree well with those from MLS, and®ifrom and ACE-FTS) and CIH(ACE-FTS), not shown, is consis-
both instruments evolves consistently with the fields shawntent with that of NO.
here. CH, like N,O, decreases with altitude, and thus low  SLIMCAT shows slightly lower 520 K BO (and higher
values in the vortex are the signature of confined descentH,O, not shown) inside the vortex and its remnants through-
The Keir evolution indicates that the transport barrier almost out the period shown, suggesting the possibility that lower
completely breaks down at 850 K at the beginning of Febru-stratospheric descent in SLIMCAT may be slightly too
ary, and remains weak and encloses a small area throughostrong. In early February in the region outside the vortex
February; sPV gradients strengthen in early March, and al+emnant, air with low MO values spreads to lower EqLs in
though they remain much weaker than before the SSW, theSsLIMCAT than in MLS, suggesting more mixing into mid-
Keff suggests re-establishment of a weak transport barrietatitudes from the outer part of the vortex. Since stronger
near 50EqgL. Consistent with the evolution ofdg¢ and sPV,  mixing would tend taincrease vortex N,O, the presence of
N»O and CH show strong gradients across the vortex edgelower values in SLIMCAT than in MLS reinforces the evi-
before the warming, with low BO and CH spreading out  dence that descent in the vortex in SLIMCAT is too strong.
through mid-EqLs during the warming and forming weak, The decrease in SLIMCAT £in January to early Febru-
but significant, gradients parallel to those iggkduring the  ary is very similar in magnitude and evolution to that in MLS.
weak recovery. High CO descending in the vortex did notThis is consistent with the results of Santee et al. (2008),
reach down to 850 K until early January (see below). Duingwho show, however, that the good agreement in polgr O
the vortex breakdown, mixing is readily apparent in the high evolution may result from a fortuitous combination of con-
MLS CO values spreading out to40°EqgL. A smallremnant  ditions, since SLIMCAT chlorine activation and partitiogi
of vortex air at highest EqLs can be identified throughout theshow significant deficiencies in the model formulation used
SSW, with more moderate D and CH, values at mid-EqLs  here.
forming slightly stronger gradients as a transport bamiess EqL/B snapshots of MLS PO (Figure 4) summarize the
forms in late February. 3D transport in the middle and lower stratosphere during the
SLIMCAT appears to do a very good job of reproducing SSW. On 10 January, the vortex was still strong through-
the quasi-horizontal transport and mixing associated thith  out the stratosphere, andb® shows the signature of vor-
SSW in the middle stratosphere, with only small differencestex descent, with very similar fields in SLIMCAT and MLS;
in detail in the time evolution: Slightly lower )0 and CH sss  slightly looser packing in the vertical of contours in theavo
in early February, and slightly strongern@® and CH, gra-  tex in SLIMCAT above~600 K and slightly tighter below is
dients as the vortex weakly reforms, suggest the possibilit consistent with the previous suggestion of stronger descen
of an underestimate in mixing in SLIMCAT. SLIMCAT vor- at the lowest levels in SLIMCAT. By 21 January, the vor-
tex CO values, higher than MLS in December, and lower intex has broken down in the upper stratosphere, reflected in
January, suggest inaccuracies in the diabatic descertfeal higher NbO values encroaching towards the polar regions at
lated from ECMWEF temperatures) used in the model. Sincethe highest levels shown; slightly lower mid-EqL,® val-
SLIMCAT had apparently not brought down enough CO to ues in SLIMCAT above-800 K suggest stronger descent in
this level before the warming to closely match MLS (and this region. NO shows the signature of continued vortex
ACE-FTS, which agrees well with MLS, not shown), a mean- descent in the lower stratosphere. By 5 February, the vor-
ingful assessment of agreement during and after the &SWex comprises only a small remnant in the middle to lower
cannot be made; SLIMCAT does, however, show a sudderstratosphere, and the lowoR confined in that remnant has
increase in values at mid-EqLs at the end of January, withcontinued to descend. This vortex remnant is still present i
timing and qualitative pattern similar to that observed. in the middle stratosphere througt20 February, and in the
At 520 K in the lower stratosphere (Figure 3), we show lower stratosphere as late as 15 March (not shown).
MLS N»O and Q. Here, the vortex was relatively strongand  Away from the polar vortex, SLIMCAT appears to do a
cold until late January. The decrease seenginQhe vortex  fairly good job of maintaining the subtropical transport-ba
core during January has been shown to be inconsistent withier in the middle to upper stratosphere, as seen in strong
transport (note that D decreases at this time and place, in- horizontal NO gradients, comparable to those in MLS, near
dicating diabatic descent that would increasg &hd consis-  20°EqL above~30 km. This is consistent with the results of
tent with chemical loss; rough estimates using MLS datasug+eng et al. (2005) and Santee et al. (2008) showing a better
gest about 0.5-0.7 ppmv chemical loss during January 2008epresentation of transport in this version of the SLIMCAT
(Braathen et al., 2006). The vortex breakdown during themodel.
SSW began at the end of January, and was more gradual and The overview given above provides observational confir-
less complete than that at higher levels, with a region of re-mation of aspects of stratospheric transport during strong
duced mixing (seen as lingering loweKvalues) remaininge SSWs previously documented in modelling studies, and de-
in the vortex core throughout the winter. This is consistenttails other aspects that are consistent with expectations f
with the clearly identifiable remnants of vortex (low,®) dynamical studies. General features are common to most ma-
air seen in Figure 1. The observed evolution giH(MLS jor SSWs: The vortex and trace gases confined within it tilt
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Fig. 2. Equivalent latitude (EqgL)-Time plots of observed (left)daBLIMCAT modelled (right) NO (MLS, top), CH, (ACE-FTS, center)
and CO (MLS, bottom) during the 2005-2006 NH winter on the 853entropic surface. Lower left panel is effective diffusy (Kefr)
expressed as log-normalized equivalent length. Overley$&s&0S-5 (ECMWF) sPV contours on MLS and ACE-FTS (SLIMCAIOts,
with solid contours at values that are typically in the rep@d strong gradients demarking the vortex edge.

westward with height. Material is drawn up around the vor- tire middle atmosphere. For GHthe analyzed SLIMCAT
tex and coils up in the high-latitude anticyclone that foams fields have been sampled near the ACE measurement loca-
the vortex breaks down; tongues of material are also drawrtions, and the apparent increase prior to the observing gap
off vortex. The transport barrier breaks down earlier andin late December is a result of the change in latitude of
more completely in the middle than in the lower stratosphere ACE sampling at that time, as described by Manney et al.
consistent with the dynamical evolution of the vortex shown (2007). Because SLIMCAT was initialized with GHhat
in previous studies (e.g., Fairlie et al., 1990; Manney gt al was inconsistent with that from ACE-FTS, it is appropriate
2005a). Features that are specific to the 2006 SSW includé compare gradients and time evolution, but not quantgati
the complete disappearance of a vortex transport barrger anvalues. The evolution of PO, CH,;, and CO in the lower
dispersal of vortex air resulting from the unusual streraft  through the middle stratosphere is consistent with thestran
this SSW, and the slow and weak reformation of the vortexport detailed above, showing abrupt increases H#®©MNwnd
transport barrier and re-establishment of horizontaldrgas ~ CH,4 and decreases in CO in late January coincident with
gradients reflect the prolonged nature of the 2006 SSW. the vortex breakdown in the middle to lower stratosphere.
) ) SLIMCAT shows slightly smaller increases when the vortex
Figure 5 shows the evolution of vortex-averaged tiacepreaks down (suggesting less mixing in the middle strato-
gases in the lower stratosphere through the lower mesogphere), and a generally slightly stronger downward tilt of

sphere, placing the middle and lower stratospheric evolutne contours indicating more descent; but these difference
tion discussed above in the context of transport in the en-
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are very small. Before the warming, the SLIMCAT simu- and SLIMCAT CO values below1700 K do not increase as
lations suggest slower descent than the satellite dataei thrapidly as those in MLS. Stronger descentin SLIMCAT than
middle stratosphere and above, but stronger descent belom MLS in the lower stratosphere in a similar simulation was
600 K for the same period. While SLIMCAT CHvalues  previously noted by Santee et al. (2008). After the SSW, vor-
above~700 K are initially lower than those for MLS, they tex averaged PO and CH in the middle and lower strato-

do not decrease as rapidly as in the ACE-FTS observationssphere remained nearly constant, consistent with the weak
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recovery at these levels noted above (the apparentincirease in the vortex (e.g., Fisher et al., 1993; Allen et al., 19918¢,
CHg in late March reflects the changing sampling of ACE- signature of strong, relatively monotonic descent is seen b
FTS). The behavior of CO in the USLM is discussed further fore the SSW, until early January. Because CO values are
in Section 4. at very low stratospheric background valuesl@—15 ppbv,
The results shown above confirm and extend those ofgpree.g., Flocke et al., 1999) outside the vortex (Figure 7), and
vious studies that examined some aspects of transportgiurinvery high values have been transported down into the vor-
SSWs. Very few previous studies have discussed vortex evotex through the middle stratosphere when the SSW starts, the
lution or, especially, transport at higher levels, so owlem  signature of the vortex breakdown is very dramatic in the vor
standing of transport during SSWs in the upper stratospheréex averages: In early January, CO values begin to dramati-
and mesosphere has been very rudimentary. In the followcally decrease, most rapidly at levels abev&700 K, with
ing section, we detail that evolution using MLS data and thehigh values lingering until late January in the middle sirat
SLIMCAT simulation. sphere. As seen in Figure 7, this signature results prignaril
from the mixing of high values from the relatively small area
of the vortex into the larger midlatitude area as the vortex
4 The Upper Stratosphereand Lower Mesosphere s breaks down; very low values extend near the pole at this
time. After the SSW, starting in early February when the
4.1 Observed and SLIMCAT-Modelled Transport USLM vortex is reforming and becoming very strong (e.g.,
Manney et al., 2008b, also see Figure 6 and overlaid sPV
Figure 6 shows the synoptic evolution of the vortex and MLS contours in Figure 7), high MLS CO again descends from the
CO during the period in maps at 1700 K-1.5 hPa, upr mesosphere, echoing the descent seen in fall/early wiater;
per stratosphere), 2500 K-0.3 hPa, near stratopause), and 1700 K, the signature of this is an increase in CO in the vor-
3200 K (~0.1 hPa, mesosphere). As is typical for early tex core starting in early February, and spreading througho
winter (e.g., Allen et al., 1999, 2000), by January high lev- the vortex by the end of March. A similar signature is seen
els of CO had been transported downward from the mesoin ACE-FTS vortex-averaged CHuntil early March, when
sphere into the upper stratospheric vortex. On 10 Januarysampling effects become significant), and the enhanced vor-
the USLM vortex was already highly distorted and shifted tex descent after the warming is consistent with resultaisho
off the pole, resulting in the zonal mean easterlies previ-by Randall et al. (2006), Manney et al. (2008a) and Jin et al.
ously reported at this time and level (Manney et al., 2008b).(2008).
The vortex and CO structure suggest substantial mixing of In the USLM, the SLIMCAT fields show significant dis-
tongues of air with high CO pulled off the distorted and-@e- crepancies compared to the satellite observations: Béfere
caying vortex into midlatitudes. The anticyclone (low CO SSW, the high vortex CO did not descend as far, suggest-
at high latitudes) was already over the pole at these levelsing that diabatic descent in the model was too weak at these
and remained so through 22 January. By 5 February, wherevels. While the signature of vortex breakdown during the
USLM winds had begun to recover (Manney et al., 2008b),major SSW is generally captured well, the abrupt decrease
a large, pole-centered vortex had reformed, and CO was inin CO is slightly later above-1700 K, and elevated values
creasing throughout the vortex at 3200 K and in the vortexlinger into February at the highest levels shown; Figure 7
core at 2500 and 1700 K. By 20 February, high CO (com-shows slightly higher SLIMCAT than MLS CO near the pole
parable to values well before the SSW, not shown) filled thein late January. These patterns suggest some deficiencies in
lower mesospheric vortex (3200 and 2500 K), and maximummixing in the model. The largest discrepancy, however, is
values in the upper stratospheric (1700 K) vortex core werethe failure of the model to produce high CO descending into
comparable to those before the SSW. The vortex began tthe vortex immediately after the warming; the signature of
weaken at these levels by 15 March, more so at the highthis descent does not begin until March (with high vortex
est levels, and CO showed a corresponding large decrease @O descending to 1700 K only at the end of March), and
3200 K and slight decrease at 2500 K (not shown). then appears to be too rapid (Figure 5). This points to signif
Vortex-averaged CO (Figure 5), as well as £8hows thexs icant biases in the diabatic descent in SLIMCAT during the
patterns of vortex descent in the upper stratosphere aad intrecovery from the SSW. The ECMWF sPV contours over-
the mesosphere. Figure 7 shows the time evolution of CO andhid on the SLIMCAT plots in Figure 7 show substantial dif-
Kesf @s a function of EqL in the upper stratosphere at 1700 K;ferences from those from GEOS-5 on the MLS plots, with
ACE-FTS CO (not shown) shows similar values and time a weaker/later vortex reformation after the SSW. These dif-
evolution to those seen in MLS CO. The evolution @fkn-70 ferences are consistent with those noted by Manney et al.
dicates a complete breakdown of the vortex transport barrie (2008b), and related to the biases in the analyzed tempera-
with high values indicative of strong mixing extending near tures and winds from both GEOS-5 and ECMWF; these tem-
the pole after mid-January. A strong transportbarriermef®  perature biases are expected to strongly influence cadzlilat
almostimmediately north of 40, along with reformation of  diabatic descent rates.
a strong vortex. As expected from general studies of desgent Figure 8 shows MLS, ACE-FTS, and SLIMCAT,® and
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Fig. 5. Vortex averaged (within 14104 s~1sPV contour) (top to bottom) MLS CO, ACE-FTS GHand MLS NO (left) and SLIMCAT
simulations (right). Vertical range is from 400 to 2500 Kt¢irthe lower mesosphere) for CO and gHbut 400 to 1600 K (through the
middle stratosphere) for §0. SLIMCAT CH, is sampled near the ACE observation locations for the ageshgwn here.

CO at 2500 K, near or just above the stratopause. Although.2 Discussion: USLM Descent
MLS data (especially CO) are quite noisy at this level, the
agreement in values and time evolution between MLS andThe dramatic deficiencies in SLIMCAT in the USLM af-
ACE-FTS is good, confirming that both datasets provide anter ~5 February suggest either diabaticent in the model,
unbiased representation of these fields. The patterns of COr the possibility of very inappropriate boundary condito
time evolution are similar to those at 1700 K (Figure+#), (the model top is at 3000 K). However, the eventual appear-
but after the SSW high CO (and, since®ldecreases with ance of a signature of descent by 15 March in SLIMCAT,
height above the middle to upper stratosphere, loyDH  and the consistency in the anticorrelation betwee®tdnd
completely fills the vortex by mid-February. The patterns in CO (e.g., Figure 8), suggest that inaccurate diabatic d¢sce
SLIMCAT, however, emphasize the model’s increasing in-is likely the primary cause of the failure. Figure 9 shows
ability to capture the transport at higher altitudes aftear¢ timeseries of 7€N radiative heating rates calculated using
warming: SLIMCAT shows a period with high® and low  MLS and ECMWF temperatures during the 2005-2006 Arc-
CO in the vortex after the SSW, prior to the descent in mid- tic winter. Modest differences are seen before the SSW, with
March of high CO and low KO. The period with these dra- ECMWF having strongest descent at slightly higher altitude
matically different values in SLIMCAT immediately follows (near 0.1 hPa), and slightly weaker descent near and below
the switch to driving fields with a higher model top (See- 1 hPa, consistent with the SLIMCAT simulations showing
tion 2.4), and thus may be related not only to deficiencies inless CO descending through the upper stratosphere in early
the contemporaneous transport, but also to vertical temsp winter. The most dramatic differences, however, are afier t
of values from regions at the top of the ECMWF analysesSSW, in February and March. In February, the ECMWEF cal-
that had an even poorer representation of earlier transport culation shows dramatically less descent betwe@€r3 and
s 0.01 hPa, consistent with the biases in ECMWF temperatures
during that period noted by Manney et al. (2008b). The du-
ration of the period of zero descent to weak ascent between
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Fig. 6. Maps of MLS CO (ppbv) in the USLM before, during and after tld®& SSW. Layout and overlays are as in Figure 1.

0.04 and 0.01 hPa in late January is longer in ECMWF- thanFebruary in the GMI Aura4 simulation than that indicated by
MLS-derived profiles, and centered at slightly higher alti- the ACE-FTS data, consistent with the patterns of biases in
tude. In late March, MLS-based descent rates decrease, beadiative heating. Examination of GEOS-5 assimilate®OH
coming considerably less than those from ECMWF. These(not shown) indicates a similar bias in GEOS-5 transpoithwit
results are qualitatively consistent with the signatumes i more rapid than expected descent in the 1700 to 2500 K re-
SLIMCAT CO and HO in the USLM suggesting too weak gion in early February.

descent (or even ascent) in February, changing to too strong

descent in March.

Manney et al. (2008b) showed that GEOS-5 analyses tem- The results above offer convincing evidence that the de-
peratures were biased such that radiative cooling derivediciencies in the SLIMCAT simulation in the USLM arise
from them was too strong above0.4 hPa £1800 K in the ~ Primarily from inaccurate temperatures and hence diabatic
very cold polar regions in mid-February 2006), and too weakdescent rates after the SSW. The choice of assimilated me-
(near-zero descent or ascent) near 1 hPa500 K at this ~ teorological fields used to drive transport models is aaitic
time); GEOS-4 temperature structure was similar to that into reproducing observed transport. The MLS and ACE-FTS
GEOS-5 (Manney et al., 2008a), thus similar patterns ofira-fields shown here provide the first globally distributed dail
diative heating would be expected. Comparison of the timelong-lived trace gas data to thoroughly test the perforreanc
evolution of ACE-FTS, SLIMCAT, and GMI Aura4 (driven ©of assimilated winds in transport calculations, espegiaill
by GEOS-4 fields) Chiat 1700 and 2500 K and in vortex av- the USLM and for extreme events, such as this SSW, that
erages (not shown) indicates that enhanced descent (decregeverely challenge the abilities of the assimilation syste
ing CHs) in the USLM begins earlier and is more rapickin and underlying GCMs.
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5 TheUpper Troposphere/L ower Stratosphere a0 UTLS; in particular, the morphology and evolution of @nd
HNO;3 are well-represented (albeit with some biases) in this
The MLS (and other Aura instruments, e.g., Olsen et al.,fégion (Livesey et al., 2008; Santee et al., 2007, 2009). Fig
2008) and ACE-FTS (e.g., Hegglin et al., 2008, 2009)ure 10 shows maps at 380 and 350 K from MLS, SLIMCAT,
datasets also offer the first extensive fields in the upper tro@nd RT calculations (Section 2.4) on 17-19 January, during
posphere and lowermost stratosphere (that portion of<théhe development of the ridge thought to have triggered the
stratosphere below 380 K where isentropes intersect theSW. Q is shown at 350 K and HNgat 380 K; a consistent
tropopause, thus lying partly in the troposphere and partly Picture of the morphology and evolution of the fields is seen
the stratosphere, Hoskins, 1991; Holton et al., 1995)nallo between @ and HNQ; at both levels. The MLS fields reveal
ing comprehensive study of UTLS trace gas fields suitablethe effects of transport associated with three evolvinges]
for detailed examination of transport. UTLS dynamics®re &S described below:

closely involved in the occurrence and evolution of SSWs.  The most ridge intense moved from the mid-Atlantic over
Coy et al. (2008) showed evidence suggesting that propaganhe Greenwich meridian during the three days shown, in-
tion of waves originating from a localized upper troposphier - tensifying between 17 and 18 January, and moving slightly
ridge in mid-January was responsible for triggering the®00 equatorward by 19 January. This strong ridge was identified
SSW. Keil et al. (2007) showed an episode of extremely, lowpy Coy et al. (2008) as the primary source of the waves that
total column @ over the UK at this time, resulting from loft- propagated into the stratosphere to trigger the 2006 SSW. A
ing and anomalous poleward transport associated with th%equence of upper tropospheric ridges like this is the sig-
originating region of the SSW in the UTLS. The episodes of hatyre of a Rossby wave train associated with a blocking
upper tropospheric ridging, both that implicated in trigge  event, which is often instrumental in forcing SSWs (e.g.,
ing the SSW and later episodes (e.g., Olsen et al., 2008;,Colen et al., 2006, and references therein). Associatet wit
etal., 2008), are associated with wave propagation thakinfl the mid-Atlantic ridge on 17 January is a large tongue of low-
ences the stratospheric/mesospheric flow and hence trdnspQagityde, tropospheric air with low £and HNG drawn up to
throughout the middle atmosphere. high latitudes, near 80 (note that the white tropopause con-
Several trace gases measured by MLS are useful in théour is drawn into high latitudes and cut off). This is a deep
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feature apparent at both higher and lower levels (down ¢8 aand SLIMCAT Qs in the UTLS along the MLS orbit tracks
least 340 K, near the lower limit of the MLS data, and up to atshown in Figure 10. Overlaid windspeed contours show the
least 400 K); it sits directly below the area of lowest temper locations of the upper tropospheric and stratospheri jets
atures in the lower stratosphere, consistent with the chara the thermal (WMO, temperature gradient) and dynamical
teristic dynamical situation during “ozone mini-hole” e (4.5x10°°K m? kg~' s1, 4.5 PVU) tropopause locations
(e.g., Allen and Nakamura, 2002), such as that reporteg byare also shown. The vertical spacing of the SLIMCAT fields
Keil et al. (2007) at this time. is twice as dense as that for MLS, but they are sampled (and
At 380 K, low O3 and HNQ; were transported to high lat-  plotted) at the same horizontal locations. The section en th
itudes in conjunction with another strong ridge neafE5 top left shows atrack on 17 January that sampled in the midst
on 17 January, which moved slightly eastward, tilting west- of the region of low @ drawn up to high latitudes; the other
ward with latitude, and weakened, through 19 January. Jhigracks are to the west of that region on each day. Both sec-
ridge was shallower in the vertical and already weakeningtions shown on 17 January cut across the strong high lati-
thus 350 K fields show low (but not troposphericy ®e-  tude upper tropospheric jet (the “polar jet”) accompanying
ing drawn into high latitudes on 17 January, but little ferth  the ridge, as well as the subtropical jet (STJ). As is typical
poleward transport after that. A third ridge, and accompa-(e.g., Holton et al., 1995; Shepherd, 2002), the tropopause
nying transport of tropospheric air to high latitudes, fews drops sharply poleward of the STJ; over the strong ridge (top
near 270E on 17 January and subsequently deepened antéft sections), it rises abruptly in the vicinity of the pojat.
moved eastward to near 315 by 19 January. The MLS, In all of the sections, strong{3yradients correspond closely
SLIMCAT, and RT fields all represent this evolution very to the 4.5 PVU dynamical tropopause contour. Double ther-
similarly. This close agreement demonstrates not only themal tropopauses are common on the poleward side of the STJ
quality of the MLS data for examining the patterns of UTkS (e.g., Randel et al., 2007), and an extensive region with a
transport, but also argues for high quality in the UTLS of double tropopause between the STJ and polar jets is seen in
winds from both ECMWF and GEOS-5 (the former driv- each of the sections to the west of the ridge. On 17 January,
ing SLIMCAT, the latter, the RT calculations) winds in the the polar jet associated with the ridge lies directly under t
UTLS; these assimilation systems are well constrained bystratospheric jet, which defines the southernmost edgesof th
data in the extra-tropical UTLS. The RT fields show fine- polar vortex that is shifted off the pole in this directionhet
scale structure that is not apparent in, or expected to be capther edge of the vortex is near the pole, and can be identified
tured at the resolution of, the MLS and SLIMCAT fields. The as the increase in windspeed at the highest latitudestxist
veracity of the details of this fine-scale structure are clifi shown. On 18 and 19 January, the polar jet has weakened
to verify in absence of high-resolution measurements; how-and is largely to the east of the tracks shown (see Figure 10).
ever, previous studies have verified similar structure insRT Evidence of both tropospheric and stratospheric intrusion
calculations during periods with aircraft measurements. Ais apparent in each of thes@ields shown here: On 17 Jan-
few ACE-FTS profiles (near 60l on these days) were taken uary (top left in Figure 11), @in the area of the ridge had
in the region of fine structure, including several along the fi mainly low values characteristic of the troposphere, but a
ament of high HNQ seen at 380 K on 17 and 18 January large tongue with stratospherig®alues extended down and
paralleling the southern edge of the high HN@gion; ex-ss poleward between the STJ and polar jet, resulting in a layere
amination of these profiles does suggest some fine structurstructure with tropospheric values above stratospheric
in the vertical that is consistent between several specids a ones. The other sections, taken west of the ridge, have a laye
similar to that in profile RT calculations at these locations with tropospheric @ values extending northeastward along
however, the quality of and resolution realized in individ- the orbitin the region with a double tropopause. Charasteri
ual ACE-FTS profiles at these levels (Hegglin et al., 20@8)tically lower UTLS G; in profiles with a double tropopause,
are not sufficient to say with confidence whether those subtlevith a notched profile above the primary (lowest altitude)
variations are real. tropopause (e.g., Randel et al., 2007) arises from pattérns
Examination of fields before (e.g., at least back to 5 Jan-Os3 transport like those shown here. Despite its coarse ver-
uary, not shown) and after (e.g., 26 January, 4 Februarytical resolution (the y-axis tick marks show every retrieva
(Olsen et al., 2008)) the breakdown of the stratospheriesxor level), most such features seen in the SLIMCAT simulations
tex indicates that ridges drawing low latitude air up intghhi  are represented to some extent in the MLS sections. Because
latitudes were a common, repeated feature of the circulatio of the coarse spacing, capturing such features can be some-
during much of the 2005-2006 Arctic winter; during each what fortuitous in MLS, and in SLIMCAT may depend on
episode, aridge in the east Atlantic caused loya®@d HNG; even small inaccuracies in the driving wind fields that may
to be drawn into high latitudes (poleward of'®0), with evi-s7 result in small offsets in the position of modelled features
dence of quasi-isentropic stratosphere/troposphereagigeh  In some cases (e.g., top left track on 17 January, greater lat
in late January and early February (Olsen et al., 2008). itudinal extent of high @ feature), the MLS profiles contain
The vertical structure sampled by MLS during this period structure that is not as obvious in the SLIMCAT sections,
is shown in Figure 11, which presents cross-sections of MLSwhile in other cases (especially intrusions of low @n 18
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and 19 January), MLS shows a coarser-grain picture af:the At both levels, episodic poleward extension of the low
features seen in SLIMCAT. Olsen et al. (2008) presented &ef representing a strong transport barrier is seen starting
similar analysis of Aura High Resolution Dynamics Limb in late December and continuing into early February — these
Sounder (HIRDLS) data and GMI Aura4 simulation results are the signatures in the EqL average of the local episodes
for 26 January through 4 February; HIRDLS has consider-of elevated tropopauses seen in the maps and curtains shown
ably better vertical resolution than MLS, and the orbitkses above, which correspond to regions where the STJ is weak
are offset between the two instruments. Nevertheless, examand the upper tropospheric polar jet lies directly under the
ination of MLS and SLIMCAT sections on those days (not bottom of the stratospheric polar night jet. As apparent in
shown) indicates that MLS captures similar behavior. ThatFigure 10, these episodes are associated with polewaist tran
both GMI and SLIMCAT (driven by GEOS-4 and ECMWF port of low Oz at the longitudes of the ridges. Because of
winds, respectively) accurately represent this UTLS dtneso  the complexity of the jet structure (and hence PV and EqL
is indicative of the high quality of the assimilated meteoro fields) at these levels, the EqL coordinate is not as effectiv
logical analyses that drive the simulations in the UTLS. at separating different air masses as in the stratosphere- H
Figure 12 shows @from MLS and SLIMCAT along with  ever, a hint of the poleward transport can be seen in the O
Kesf at 380 and 350 K; although at these levels EqL is becomHields at 380 and 350 K (especially 350 K in early Febru-
ing less appropriate as a “zonal” coordinate since a siriglec ary). Comparison with the time evolution at 520 K in the
cumpolar jet is less representative of the flow (see Figuje 10 lower stratosphere (e.g., Figures 1 and 3) shows a sigha-
these still provide a summary of the average time evolutionture of poleward transport outside the vortex in early Japua
in a framework consistent with that shown at higher levelsthat is consistentin MLS, ACE-FTS (not shown) and SLIM-
(e.g., Figures 2, 3). At 350 K, the 4.5 PVU contour cor- CAT, and occurs over the region of elevated tropopause. The
responds to the minimum indg, and MLS and SLIMCA®&s deep region of anomalous poleward transport outside the vor
fields (as well as ACE-FTS, not shown) show very strongtex associated with the event implicated in forcing the SSW
O3 gradients across the 4.5 PVU contour, indicating that this(Coy et al., 2008) thus extends well into the lower strato-
contour is an accurate identification of the tropopause as @&phere. The primary feature of note in the general time evo-
transport barrier in the EqL average. At 380 K, the strongestiution of 350 and 380 K @is the increase in @via diabatic
transport barrier and £gradients are at higher EqLs thanthe descent. At 380 K, the tightening of PV contours beginning
4.5 PVU contour. 380 K is the level typically defined as the before mid January, and the appearance of confinemenj of O
top boundary of the lowermost stratosphere (e.g., Hoskinswithin these contours (stronges@radients), suggests some
1991). This transport barrier is thus above the classicid de influence of the stratospheric vortex extending into thedeow
nition of the tropopause, and transport with respecttodels ~ most stratosphere, albeit with less distinct confinemesm th
termined by the transport characteristics within the ttafiiosc  at higher levels. There appears to be an accelerated ircreas
controlled transition region (between380 and~420 K, in O3 in the polar regions at both levels in mid to late Jan-
Rosenlof et al., 1997) where a distinct seasonality in ngixin uary, likely related to the increasingly disturbed and wizaign
strength between the tropics and extratropics has been obrortex above, which is associated with enhanced diabatic de
served. (Hegglin and Shepherd, 2007). As shown by Haynescent as the temperatures depart farther from radiative equ
and Shuckburgh (2000b) and Allen and Nakamura (20@1)Jibrium.
the strength of mixing barriers is strongly correlated vifib
strength of the zonal wind, with higher (lower) windspeeds
corresponding to lower (higher)dg values. At 350 K, the 6 Summary and Conclusions
strongest winds are associated with the upper tropospheric
subtropical jet (STJ), which is nearly continuous arourel th The January 2006 event was the first major SSW for which
globe near 390 latitude, coincident with the location of the globally distributed long-lived trace gas data are ava#ab
4.5 PVU contour at that level (see Figure 10). In contrast,covering the lowermost stratosphere through the lower meso
the STJ does not extend up to 380 K at all longitudes, thus asphere. It was also one of the strongest and most prolonged
many locations, the strongest winds are associated with th&SWs on record. We have used Aura MLS data, augmented
upper tropospheric polar jet and the lowermost extension ofoy fields from ACE-FTS, along with a state-of-the-art CTM
the polar night jet (which are both at higher latitudes, nearand assimilated meteorological analyses, to detail three d
60°N, and correspond to higher PV values); the low te- mensional transport from the UTLS through the USLM dur-
gion seen at 380 K is indicative of a transport barrier:thating the 2006 SSW, and to help assess the consistency of dy-
varies in strength and location with longitude, and is net al namical fields from operational assimilation systems with t
ways representative of the tropopause level. (Larggrat  observed transport. Figure 13 summarizes the evolution of
low latitudes at 380 K may be related to the zero zonal windthe SSW in relation to transport reflected in the MLS data.
line being shifted north of the equator, where waves brapkin ~ The SSW was apparently triggered by waves propagat-
along the critical line may cause significant material mipin ing upward from a strong upper tropospheric ridge just after
Plumb and Mahlman (1987).) mid-January (Coy et al., 2008). This ridge was accompa-
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nied by an elevated tropopause, and strong poleward trangiod after the SSW, consistent with deficiencies reported by
port in a deep region of the UTLS, at some levels leadingManney et al. (2008b) in the operational assimilated aealys
to quasi-isentropic stratosphere/troposphere exchaig8.  during that period.

trace gases in the UTLS show a deep layer extendingnfllroc_)m The SLIMCAT CTM, driven by ECMWF winds, also does
below the tropopause through the lower stratosphe_re W|tha very good job of simulating transport during the SSW
enhanced poleward transport of lovs @nd HNO?” OUtS'_de . in the UTLS through the middle stratosphere, with differ-
f[he vortex. These patterns of transport result in lamimatio ences only in detail, such as slightly too strong descertiign t
N the.trace gases in the levels around the tropopause, tyfg, e stratosphere, and not quite enough mixing in the mid-
|caIIy.|n aregion with a doub!e trlopopause, resulting fr]Sl)Sm dle stratosphere. In the upper stratosphere and lower meso-
both Intrusions Qf stratospheric air into the troposphere a sphere, however, the SLIMCAT simulation failed to capture
tro_lp_Jr(:spherlc alrhmtp the stralgosihere. ¢ h d the strong descent of mesospheric CO an@®Halues into
_The stratospheric vortex broke apart from the top down, y,q 1efomed vortex. The descent is seen to begin much later
with Ker calculations showing the F:omplete dlsappearancqhan that observed, and at that point becomes too strong. Ra-
.Of the polar vortex transport barrier in the upper Strat(Bpl]hO diation calculations based on MLS versus ECMWF temper-
just after mid-January, and by late January in the ml(:leeatures show that strong biases in ECMWF temperatures re-
stratosphere. At these levels, the vortex breakdown wag Ver g, in mych weaker descent immediately after the SSW, fol-

rapid, occurring over a few days. The evolution of PV and lowed by descent becoming stronger than that derived from
the Kgf calculations show a somewhat more gradual and later,

breakd in the | h ith th b MLS temperatures about a month later. This pattern is con-
reakdown in the lower stratosphere, with the transpor bar gitant with the most obvious failings of the SLIMCAT simu-

rier shrinking to a small area in mid-Februaryedand the lation in the USLM. These deficiencies in the USLM may be
tr_ac_e gaﬁ evoI;:Uon,hshov_vs a Sbm?" rerr?nan(t:iglf the Vortexhper'exacerbated by the proximity of this region to the model top
sisting throughout the winter below the middle stratospher by differences in the vortex structure/horizontal vgind

(~850 K and below). at these levels. A simulation with a different CTM driven

Consistent with the disappearance of the transpor'gmtgarwnh GEOS-4 winds (which have opposite temperature bi-

rier, race gases measured by MLS (CO an@iiand NO ases to ECMWEF in the period following the SSW) shows

"?’be'OW the middle str_a_tosphe_re) and ACE-FTS shoyv thetoo rapid descent into the vortex following the SSW. Thus,
signature of strong mixing, with values characteristic of

the evidence indicates that the failings of CTMs in the up-

low ar|1d mldLatltudes exégndmghto thi pOIar: “;9'003 a;]nd e)i'per stratosphere result primarily from corresponding mac
tremely weak tracer gradients throughout the eMISPNArE. 1 racies in the wind and, especially, temperature fields used t
the middle and lower stratosphere, small remnants with lh'grbrive them

H,O/low N,O values characteristic of the pre-SSW vortex
lingered into the recovery. The above results provide the first detailed, comprehensive
In the upper stratosphere to lower mesosphere, the vorobservational picture of transport during a major SSW cover
tex very quickly reformed and strengthened, becoming karge ing the upper troposphere throughout the lower mesosphere,
and stronger than before the SSW by early February. 1Hqghand an assessment of the representation of that transport in

vortex CO existing before the warming from the mesosphere2 state-of-the-art CTM. Recent satellite datasets, sutheas

down to the middle stratosphere was mixed with lower lati- MLS and ACE-FTS data used here, are critical to such as-

tude air with orders of magnitude less CO, resulting in very Sessments, which in turn are essential to improving our data

low CO at all latitudes during the SSW. As the vortex re- assimilation and modelling capabilities.

formed and very strong diabatic descent developed (e.g.,

Siskind et al., 2007; Manney et al., 2008b), high CO was

once again transported from the mesosphere into the,gonacknowledgements. Thanks to the MLS team, especially Lucien
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Fig. 10. Maps of (top to bottom for each level/species) MLS, SLIMCAO&RT (see text) 380 K HNgXtop set) and 350 K @(bottom set)
near the beginning of the 2006 SSW. White contour shows thE&RNV Unit” contour that is commonly used as an approximatiéniteon
of the extratropical tropopause; black contours show wieesls of 30, 40, 50 and 60 ms 0 to 90N and -90 to 90E is shown, with 0
longitude at the bottom. The white tracks (closely spaceilendots) show the MLS orbit tracks, with a dot at each meamserg location,

examined in Figure 11.
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Fig. 11. Plots of MLS and SLIMCAT (top and bottom of each pair, resppety) O3 profiles along orbit tracks on 17-19 January 2006; the
orbit tracks shown are overlaid on Figure 10, with the serstiat the top left corresponding to the easternmost trackésethe Greenwich
meridian) on 17 January. The white line is the thermal (WMOpopause from GEOS-5, and the red line the 4.5 PVU dynarrmabpause;
dashed lines show secondary tropopauses where they ekigt cBntours are windspeeds from 20 to 60 m/s by 10'msBlack contours
show the 350 and 380 K isentropes.
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Fig. 12. As in Figure 2 but for MLS and SLIMCAT @at 380 K (top) and 350 K (bottom). White overlay is the 4.5 P\@utour.
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Fig. 13. Schematic of 2006 SSW and corresponding transport. Yellogslshow temperature contours in the stratopause regiey Jiges
the zonal mean wind zero contour. Upper stratosphericpa@mnss illustrated by red vortex-averaged CO contour an@d2& MLS CO maps
on 8 January, 5 February and 20 February. Middle and lowatastpheric transport is illustrated by blug®lcontours, an 850 K MLS D
map on 22 January, and a 520 K MLS® map on 3 February. UTLS transport is illustrated by a 380 Kd3Tmap on 17 January.



